We have used two dierent, but complementary assays to characterize functions of SV40 T antigen that are necessary for its ability to immortalize rat embryo ®broblasts. In accordance with previous work, we found that several functions were required. These include activities that map to the p53 binding domain and the amino terminal 176 amino acids which contain the J domain as well as the CR1 and CR2 domain required for binding and sequestering the RB family of pocket proteins. Moreover, we found that even though activities dependent only upon the amino terminus were sucient for immortalization they were unable to maintain it. This suggests that immortalization by these amino terminal functions requires either additional events or immortalization of a subset of cells within the heterogeneous rat embryo ®broblast population. We further found that an activity dependent upon amino acids 17 ± 27 which remove a portion of the CR1 domain and the predicted a-1 helix of the J domain was not necessary to maintain growth but was required for direct immortalization suggesting that at least one of the functions required initially was not required to maintain the immortal state. This represents the ®rst demonstration that some of the functions required for maintenance of the immortal state dier from those required for initiation of immortalization.
Introduction
When mammalian cells isolated from an embryo or an animal are cultured in vitro, they initially proliferate but stop dividing after a ®nite number of divisions, the cultures undergo crisis and the cells senesce (Hay¯ick and Moorhead, 1961) . If a cell overcomes senescence it is said to have become immortal since it has acquired an in®nite life span. Serial cultivation of rodent embryo ®broblasts occasionally results in spontaneously immortal cell lines which have escaped senescence (Todaro and Green, 1963) . Introduction of a cellular or viral oncogene, such as the simian virus 40 (SV40) large tumour (T) antigen, can also induce these cells to divide inde®nitely (Petit et al., 1983; Jat and Sharp, 1986; Conzen and Cole, 1994) , a phenotype which is dependent on the continued presence of T antigen for growth once the ®nite mitotic life span has elapsed (Ikram et al., 1994) . SV40 T antigen is a multifunctional nuclear phosphoprotein of 708 amino acids (Soule and Butel, 1979 ). An extensive series of mutants have been constructed and analysed using dierent cell types and assays to determine the functions responsible for its immortalizing activity. The activities identi®ed as important for immortalization have been found to vary, depending on the cell type and assay used (reviewed in Conzen and Cole, 1994) ; attempts have been made to reconcile these con¯icting data using more rigorous assays (Conzen and Cole, 1995; Tevethia et al., 1998) . Overall, these assays have suggested three critical activities of T antigen are required: two activities found in the amino terminus of T antigen and a carboxy terminal activity. The ®rst amino terminal activity, requiring amino acids 1 ± 82, has homology to the J domain of the DnaJ family of molecular chaperones (Brodsky and Pipas, 1998; Kelley, 1998) . This region also contains amino acids 17 ± 32 which have homology to the conserved region 1 (CR1) domain of the adenovirus E1A proteins . Downstream of the J domain region is the CR2 domain (amino acids 102 ± 115) with homology to adenovirus E1A proteins, human papillomavirus type 16 E7 protein and polyoma virus T antigen. The CR2 is required for binding and sequestering the retinoblastoma susceptibility protein family of pocket proteins pRb, p107 and p130 (DeCaprio et al., 1988; Moran, 1988; Ewen et al., 1989) . When T antigen binds these pocket proteins, they are unable to interact with, and repress the activity of, the transcription factor E2F, so E2F-dependent transcription proceeds and the cell enters the cell cycle. It has been suggested that an intact J domain is required to disrupt a pocket protein-E2F complex (Srinivasan et al., 1997; Stubdal et al., 1997; Zalvide et al., 1998) , and that this function can only be supplied in cis (Stubdal et al., 1997) . Others have found that the J domain can be supplied in trans (Montano et al., 1990; Porras et al., 1996) , either by another T molecule, or by the homologus region from small t antigen. The third region of T antigen that is critical for immortalizing activity is the carboxy terminus, responsible for binding to and sequestering p53. In fact, it had initially been suggested that immortalization of mouse embryo ®broblasts (MEFs) by T antigen was solely dependent upon its ability to bind p53 (Zhu et al., 1991; Kierstead and Tevethia, 1993) .
We have performed a systematic study using two dierent, but complementary assays to further characterize activities of T antigen required for immortalization of rat embryo ®broblasts (REFs). First, we attempted to de®ne the functions of T antigen required to maintain the growth of a clonal REF cell line which is dependent upon T antigen for growth (Jat and Sharp, 1989) . It is possible, however, that maintenance of the immortal state may not require all of the functions necessary for inducing immortalization, so we extended these studies by assaying the ability of the same mutants to directly immortalize secondary REFs.
Our results demonstrate that there is a distinction between the functions of T antigen required for maintenance and initiation of the immortal state, and that an activity localized to the amino terminus of T antigen is critical for initiation of immortalization.
Results

Complementation of tsa14 cells at the non-permissive temperature
The tsa14 cell line was established from primary REFs using the thermolabile tsA58 T antigen, and is immortal at the permissive temperature (338C) but rapidly undergoes irreversible growth arrest upon inactivation of tsA58 T antigen at the non-permissive temperature (39.58C). The inability of these conditionally immortal cells to grow at the non-permissive temperature can be overcome by introduction of either wild-type T antigen, adenovirus E1A, or human papillomavirus type 16 E7 protein.
To determine activities of T antigen required to maintain growth at 39.58C, tsa14 cells were transfected with various mutants which can be categorized depending on which functions are aected. After transfection, cells were cultured at both the permissive and non-permissive temperatures. Since we have previously observed that it is possible to obtain colonies at the non-permissive temperature but they cannot be expanded into cell lines, mutants were only considered positive for complementation if they produced colonies and representative colonies could be expanded and serially cultured. The results in Table   Table 1 tsa14 cells were electroporated with the indicated mutants. Forty-eight hours later, the cells were passaged and selected in 100 mg/ml hygromycin-B and cultured at either 338C or 39.58C until colonies were clearly visible (2 ± 3 weeks) when representative plates were stained and colonies counted. The indicated number of 39.58C colonies were isolated and wherever possible expanded into cell lines. Two plasmid cotransfections were carried out using a 20 : 1 molar ratio of non-selectable DNA to selectable DNA (pBShygro) whereas three-plasmid cotransfections were done using a 10 : 10 : 1 molar ratio of non-selectable DNA to selectable DNA. Secondary REFs were co-transfected using a 20 : 1 molar ratio of non-selectable DNA to selectable DNA (pSV2neo). Forty-eight hours after electroporation, the cells were passaged and stable transfectants isolated by selection in 250 mg/ml G418. Transfected REFs were cultured for 2 weeks and representative plates were stained and densely staining colonies counted. Wherever possible, representative colonies were isolated and expanded into cell lines. T176-708 and T128-708) used in this study, express both small t and T antigen, the eect of small t alone was assessed by transfecting a recombinant expressing only small t. Small t alone did not complement; the eciency was only 10.8% and none of the colonies could be expanded into cell lines. Thus, maintenance of growth of tsa14 cells was dependent on functional T antigen. We next determined whether amino or carboxy terminal fragments alone were sucient for complementation. Mutants dl1137 and T147D encode proteins comprising amino acids 1 ± 121 and 1 ± 147, were unable to complement (eciencies of complementation of 5.9% and 16.1% were obtained, and none of the colonies could be expanded into cell lines). Dl1061, which encodes a larger protein comprising amino acids 1 ± 590 was also unable to complement (8.7% complementation eciency and none of the colonies could be expanded). Thus activities within the carboxy terminus of T antigen are required for complementation.
A recombinant protein lacking the amino terminal 175 amino acids (T176-708) was also unable to complement. Although the eciency (17.4%) was slightly higher than with control DNA (pUC19/pKS), none of the colonies could be expanded into cell lines. Interestingly, the mutant protein with a smaller truncation (127 amino acids, T128-708) yielded less colonies (40.9% compared to 60.1% for pSE) but eight out of 23 colonies could be expanded into cell lines. This suggested that, in addition to the carboxy terminal function(s), activities localized to the amino terminus were also required for complementation. Thus neither the amino terminus nor the carboxy terminus alone was sucient for maintaining growth and both seem to be necessary.
We next examined the role of speci®c functions of T antigen. Mutant dl1135, which lacks amino acids 17 ± 27 and therefore a portion of the predicted a-1 helix of the J domain and CR1, yielded colonies at about the same eciency (34.0%) as T128-708, but seven out of nine colonies were expanded into cell lines. Mutants 5002 and 5003 with amino acid substitutions in the region deleted in dl1135, gave a slightly lower eciency (25.4 and 28.2%) but all of the isolated colonies could be expanded into cell lines. Recently we have found that dl1135 can also complement the growth of tsa8 cells (Jat and Sharp, 1989) , another tsA58 T antigen derived conditionally immortal cell line (data not shown). These results suggest that amino acids 17 ± 27 are not required for complementation. The CR2 mutants, 3213 and K1, readily yielded colonies which were easily expanded into cell lines, suggesting that the CR2 domain was not critical for complementation.
To study the role of the carboxy terminus, mutants with point mutations within this region were used. Mutants 5031, 5041 and 5080 encode proteins that are unable to interact with p53, were unable to complement growth; eciencies of less than 10% were obtained and none of the colonies could be expanded. In contrast, 5030 and 5061 which retain their ability to bind p53, were able to complement with eciencies close to wild-type T antigen (45.4 and 59.4%, respectively) and every colony could be expanded into a cell line. Thus, p53 binding appears to be required for complementation. However, since T176-708 can bind p53 but was unable to complement, it suggests that while p53 binding is necessary it is not sucient, and other activities within the amino terminus are also required.
Some adenovirus E1A mutants that are unable to cooperate with Ras to transform primary BRK cells, cooperate when used in combination (Yaciuk et al., 1991) . Thus we determined whether dl1137 or T147D would cooperate with T176-708 to maintain growth of tsa14 cells. The results in Table 1 show that both combinations were able to complement. Thus the activities required to maintain the immortal state can function in trans.
Analysis of protein expression
To ensure the lack of expression was not the reason for the lack of complementation, cell lines obtained at 338C were analysed for expression of the mutant protein at 39.58C. Using procedures and antibodies appropriate for their detection, we found that all constructs expressed the mutant protein at the expected level (data not shown). Since the results with dl1135 were so surprising, the expression analysis is presented in Figure 1 to show that complementation by this mutant was by the mutant protein itself.
Cell lysates were immunoprecipitated using PAb114, an anti-T antigen monoclonal antibody with a conformationally sensitive epitope that lies within the carboxy terminus and thus does not bind denatured tsA58 T antigen but can still bind the dl1135 protein. The immunoprecipitates were fractionated in duplicate and blotted with either PAb419 or PAb416. Since the epitope for PAb419 is destroyed by the dl1135 deletion, it allows the dl1135 T antigen to be distinguished from wild-type T antigen. A tsa14 cell line expressing wild-type T antigen (SE) was used as a positive control for detection by both PAb419 and PAb416. As expected, no T antigen was detected in the control cell line (pKS). All dl1135 cell lines express T antigen which can be detected by PAb416 but not by PAb419, demonstrating that complementation is by the dl1135 T antigen.
Since dl1137 and T147D cooperated with T176-708 to complement, we analysed expression to show that this required both mutant proteins. Extracts prepared from representative cell lines isolated at 39.58C were analysed by direct immunoblotting with PAb419 and 108, to detect dl1137 and T147D T antigens ( Figure  2a ), while the T176-708 protein was detected by virtue of its association with p53 by immunoprecipitation with PAb421 followed by immunoblotting with PAb423 ( Figure 2b ). The epitope for PAb423 is located within the carboxy terminus. Dl1137+T176-708 CL-1 and CL-2 express dl1137 T antigen while the T147D+T176-708 cell lines (CL-1 and CL-2) express T147DT antigen. All of the cell lines analysed express the T176-708 protein. The cell line, dl1137+T176-708 CL-1 also contained some full-length T antigen that co-precipitated with p53 which is likely to be the endogenous tsA58 T antigen. Therefore complementation using two mutants required expression of both mutant proteins.
Immortalization of secondary rat embryo ®broblasts
Having established that several dierent activities of T antigen were required for maintaining growth of tsa14 cells, we examined whether they were also necessary for the direct immortalization. The same T antigen mutants were co-transfected into secondary REFs with pSV2neo, a plasmid that encodes resistance to G418. Mutants were only considered to be positive for immortalization if they induced G418-resistant colonies and these could be expanded into cell lines (Table 1) .
Transfection of pSE yielded a large number of colonies in each experiment and all the colonies isolated could be expanded into cell lines. In contrast, transfections with control pUC19/pKS DNA produced very few colonies (2.6% compared to pSE) and none of the colonies could be expanded into cell lines (0 out of 36). Small t antigen alone was also unable to immortalize, yielding fewer colonies than control transfections (0.7%).
Rather surprisingly, mutants that encode only the amino terminus and were negative for maintaining growth of tsa14 cells, were found to immortalize REFs. Even though colony formation by dl1137 and T147D was reduced in comparison to pSE (7.4% and 25.2%, respectively), the majority of colonies could be expanded into cell lines (36 of 50 and 19 of 24 respectively). Mutant dl1061 which encodes a larger amino terminal fragment (amino acids 1 ± 590) yielded colonies at a similar low eciency (20.1%) but almost all of the colonies were expanded into cell lines (22 of 24) and more rapidly than those isolated with dl1137 and T147D (data not shown). Mutant proteins which lack the amino terminal 175 (T176-708) or 127 (T128-708) amino acids yielded very few colonies (1.4 and 4.7%, respectively) and none of the colonies isolated from transfection of T176-708 could be expanded, whereas 1 of 25 colonies isolated with T128-708 was successfully expanded.
The requirement for the CR1 region was determined by transfection of dl1135, 5002 and 5003. In contrast to the tsa14 complementation data, we found that dl1135 yielded very few colonies (9.6% compared to pSE) and only 1 of 40 colonies was expanded. Mutant 5002 yielded colonies at an eciency of 30.8% but all of the colonies were readily expanded into cell lines whereas 5003 yielded colonies at an eciency (97.1%) similar to wild-type T antigen.
The CR2 mutant, 3213, yielded a low number of colonies (14.4% in comparison to pSE) but all six colonies were readily expanded into cell lines. K1, which also has a defective CR2, yielded a much higher number of colonies (75.4%), and all colonies produced cell lines. Since these two CR2 mutants were assayed in separate experiments, it is likely that the dierence in the eciency of colony formation was due to experimental variation. Figure 1 Analysis of dl1135 mutant T antigen. Protein lysates prepared from the indicated cell lines in modi®ed RIPA lysis buer (10 mM Tris-HCl pH 7.2; 150 mM NaCl; 1% Triton X-100; 0.1% SDS; 1.0% sodium deoxycholate; 5 mM EDTA) were immunoprecipitated with PAb114 (Gurney et al., 1986) , separated by SDS ± PAGE alongside prestained marker (M) proteins and immunoblotted with either PAb419 (Harlow et al., 1981) (a), which does not recognize T antigen with the dl1135 deletion, or PAb416 (Harlow et al., 1981) (b) which recognizes dl1135. Protein lysates for the 338C cell lines were prepared from cultures after shift up to 39.58C for 72 h. The T antigen in lanes 3, 4 and 5 is immunoblotted by PAb416 and not by PAb419 indicating that this protein corresponds to dl1135 T antigen and not wild-type T antigen. The positions of the wild-type (wt T Ag) and dl1135 T antigens are indicated Figure 2 Analysis of mutant T antigens found in tsa14 cell lines derived by cooperation between two mutants. (a) Levels of dl1137 and T147D. Protein lysates from the indicated cell lines (CL) were prepared in Laemmli sample buer, separated by SDS ± PAGE, and then immunoblotted using PAb419 and PAb108. The positions of dl1137 and T147D proteins are indicated, as are the levels of full-length T antigen (tsA58 T Ag) and small t (t Ag) antigen. (b) Levels of T176-708. Protein lysates prepared in modi®ed RIPA lysis buer were immunoprecipitated with antip53 monoclonal antibody PAb421 (Harlow et al., 1981) , separated by SDS ± PAGE and the coprecipitating proteins detected using the anti-T monoclonal antibody PAb423 (Harlow et al., 1981) . The positions of T176-708 and full-length (tsA58) T antigens is indicated
Surprisingly, 5031 and 5041, which contain the whole amino terminus region intact were unable to immortalize REFs. The eciency of colony formation was low (8.2 and 5.4%, respectively); none of the colonies isolated after transfection with 5041 grew, and only three colonies out of the 26 isolated after transfection with 5031 grew. Mutant 5080 was also unable to immortalize REFs. In contrast, 5030 and 5061 were both able to immortalize, albeit at decreased eciency (28.1 and 20.8%, respectively) and nearly all the colonies yielded cell lines.
dl1135 T antigen interacts productively with p130
We have found that the predominant E2F-containing complex, in primary rodent embryo ®broblasts contains p107, E2F4, DP1 and cyclin A whereas in senescent cells it contains p130, E2F4 and DP1 (manuscript in preparation). Interestingly, in the tsa cell lines it also contains p130, E2F4 and DP1 (data not shown). Since dl1135 T antigen was able to maintain the growth of tsa14 cells at 39.58C, but lacks a functional J domain, we undertook experiments to determine if its interaction with p130 was productive by measuring the levels of B-myb mRNA because transcription of the B-myb gene is E2F-dependent and transcriptionally downregulated by both p107 and p130 (Lam et al., 1994; Zwicker et al., 1996) . B-myb mRNA was detected at high levels in tsa14, as well as tsa8 and tsa129 cells at 338C (Figure 3a) . Inactivation of T antigen resulted in downregulation of B-myb mRNA. This is compatible with the idea that active T antigen sequesters pocket proteins and allows E2F-dependent gene transcription whereas inactive T antigen is unable to interact with the pocket proteins, so the pocket proteins complex the E2F transcription factors, and B-myb transcription is repressed. In conjunction with the band shift results (data not shown), this shows that B-myb expression is high in these cells only when T antigen is active and is downregulated when T antigen is inactivated. In support of this idea, we observed high levels of Bmyb mRNA in SE 1-6 (tsa14 cells rescued by wild-type T antigen) grown at 39.58C. This was further supported by analysis of SV4, a cell line derived by immortalizing REFs with wild-type T antigen; SV4 cells contain similar levels of B-myb mRNA at both temperatures when normalized for RNA loading (Figure 3a) .
Since K1 and dl1135 T antigens both complemented tsa14 cells, we determined the levels of B-myb mRNA in cell lines rescued by them. We detected high levels of B-myb mRNA in one K1 (K1 JS225) and one dl1135 (1135 4-3) rescued cell line respectively. The other two K1 and one dl1135 derived cell lines contained levels that were slightly higher than those detected in tsa14 cells at 39.58C. These results show that the levels of Bmyb mRNA in at least one cell line derived after transfection with dl1135 or K1 are the same as those obtained after transfection with pSE or tsa14 cells grown at the permissive temperature. Therefore in these cell lines p130 is unable to downregulate transcription of B-myb.
To compare the level of T antigen present in the dierent cell lines, and to ensure that the T antigen present in the dl1135-expressing tsa14 cells was the mutant protein, a direct immunoblot analysis was performed (Figure 3b ). T antigen was detected in all of the conditional cell lines at 338C and at lower levels at 39.58C. The K1 ± JS225 cell line expresses high levels of the protein, consistent with the fact that it contains higher levels of B-myb mRNA than the other two K1-expressing lines, indicating a direct correlation between the level of T antigen and the level of B-myb mRNA. Although dl1135 was not expressed at high levels, it was present; this is consistent with the ®ndings of others that dl1135 is expressed at around 15% of the level of wild-type T antigen (Srinivasan et al., 1997) . These results raise the intriguing possibility that dl1135 T antigen can interact productively with p130 and that K1 T antigen also interacts with p130.
Discussion
We have performed a systematic analysis using two dierent, but complementary, assays to characterize functions of SV40 T antigen that are necessary for its ability to immortalize primary rodent cells. A number of conclusions can be drawn from our data: (1) Several activities of T antigen are required, to a greater or lesser extent, for immortalization; (2) An activity dependent upon the amino terminus (de®ned by the deletion of amino acids 17 ± 27) is required for immortalization of REFs but was not necessary for Figure 3 Analysis of B-myb mRNA levels, and T antigen expression. Cells from the conditional cell lines were plated at 338C and grown at either 338C or shifted up to 39.58C for 72 h. Cells from the 39.58C cell lines were cultured directly at 39.58C. RNA and protein was then extracted from these cultures. (a) 20 mg of total RNA extracted from the various cell lines was analysed. Levels of B-myb mRNA were detected using a 1.2 kb cDNA probe (nucleotides 11 ± 1219) which detects both the major and minor B-myb transcripts (Lam et al., 1992) . GAPDH levels were also determined as a control for loading. (b) T antigen levels were determined by direct immunoblotting with PAb416 (which detects both dl1135 and other T antigens) or PAb419 (which does not detect the dl1135 protein). tsa8 and tsa129 are two other cell lines derived using the thermolabile tsA58 T antigen (Gonos et al., 1996) . SV4 is a REF cell line derived using wild-type T antigen and its growth is therefore temperature-insensitive (Jat and Sharp, 1989) maintaining the immortal state; (3) Amino terminal fragments of T antigen have sucient functions for direct immortalization of REFs but were unable to maintain growth of the conditionally immortal cell line; (4) Point mutations within the carboxy terminus perturb functions in the amino terminus; and (5) Functions required for maintaining growth can be provided in trans by separate T antigen molecules.
Activities dependent upon the amino terminus
Our data show that one or more of the functions eliminated by the deletion of the amino terminal 175 amino acids were required both for maintaining growth and for direct immortalization. This region was de®ned by mutant T176-708, which was inactive in both assays. It can be sub-divided into three distinct domains: the J domain, which contains within it the CR1 domain, the CR2 domain and the region downstream of the CR2 domain.
The region deleted in dl1135 (amino acids 17 ± 27) overlaps the CR1 domain and is part of the predicted a-1 helix of the J domain. Dl1135 was previously found to be inactive in all transformation assays Michalovitz et al., 1987; Yaciuk et al., 1991; Symonds et al., 1993; Srinivasan et al., 1997) . Our results showing that it was unable to immortalize REFs directly but could maintain the growth of tsa14 cells, suggests that some of the functions initially required to immortalize REFs may not be required once the immortal state has been established. The dl1135 deletion removes one of the conserved amino acids (position 19) in the CR1-like domain of T antigen and this is one of the two amino acids substituted in 5002. Since 5002 was both able to maintain growth and to immortalize directly, it suggests that either the two amino acid substitution does not totally destroy the activity of the CR1 region or the deletion of amino acids 17 ± 27 perturbs a dierent function necessary for initiation of immortalization. Thus, the key question remains; what essential function does the dl1135 deletion aect?
A prime candidate for the activity aected by the dl1135 deletion is that of the J domain. Removal of amino acids 17 ± 27 deletes the predicted a-1 helix of the J domain, rendering it inactive (Srinivasan et al., 1997) . One interpretation of our results is that a functional J domain is required for initiation of immortalization but is dispensable once the immortal state is established. Recent work has suggested that the J domain is required to release the pocket proteins from E2F complexes, resulting in transcriptionally active`free' E2F (Sheng et al., 1997; Stubdal et al., 1997; Zalvide et al., 1998) . Our data potentially contradict this hypothesis. We have found that dl1135 may be able to interact productively with p130, the predominant pocket protein found in higher order E2F complexes in the conditionally immortal cell lines. Thus, at least in these cell lines, a functional J domain may not be required for a productive interaction between T antigen and p130. Perhaps the J domain function is required for a functional interaction with the pocket proteins during initiation of immortalization. Alternatively, the J domain may act on other protein complexes associated with T antigen required for initiation of immortalization. Of course it is possible that the activity aected by deleting amino acids 17 ± 27, resulting in failure to immortalize, is not related to loss of J domain function. Previous work has shown that although the dl1135 protein is stable when expressed in mammalian cells, it has severely compromised ATPase activity (Clark et al., 1983) , a function which maps to the carboxy terminus of T antigen (Clark et al., 1983) . Thus, it is possible that the dl1135 mutation induces structural changes in T antigen which lead to the loss of other as yet unidenti®ed activities.
The CR2 domain is necessary for T antigen's ability to complex with pRb, p107 and p130 (DeCaprio et al., 1988; Dyson et al., 1989; Ewen et al., 1989) . Mutants 3213 and K1 both have substitutions at amino acid 107 but 3213 has a second substitution at amino acid 108. Neither of these mutants bind pRb (Christensen and Imperiale, 1995; DeCaprio et al., 1988) ; however, in a baculovirus co-infection assay, both K1 and 3213 can still associate with p107 and p130 in the context of fulllength T antigen (Srinivasan et al., 1997; Pipas JM, personal communication) . Taking this data together with our data, suggests that sequestration of pRb by T antigen may not be important for immortalization of rodent cells but raises the possibility that the interaction between T antigen and p130 may be critical for immortalization of rodent cells.
The third amino terminal domain is the region that is immediately downstream of the CR2 domain. Mutant T128-708 was able to maintain growth of tsa14 cells, albeit ineciently, but was unable to immortalize REFs. In contrast, mutant T176-708 was completely inactive in both assays. The region spanning amino acids 128 ± 175 overlaps part of region X (spanning amino acids 131 ± 259), which has been suggested to be required for induction of DNA synthesis by T antigen (Dobbelstein et al., 1992) and for interaction with several cellular proteins including the TATA-binding protein and the transcriptional activator TEF-1 (Gruda et al., 1993) .
Our ®nding that the dl1137 and T147D amino terminal fragments were able to immortalize REFs, but were unable to complement tsa14 cells raises the following question: if these mutants are unable to maintain growth in a T antigen-immortalized REF cell line how are they able to immortalize REFs? There are several possible explanations: (1) Since they immortalize with lower eciencies than wild-type, it is possible that they only confer the immortal phenotype on a sub-population of cells in the heterogeneous REF population that already carry an appropriate predisposition to immortalization; (2) These amino terminal fragments may be able to induce cellular cooperating mutations; it has been suggested that cellular mutations are more likely to occur in early passage cells than in established clonal cell lines where the genome is more stable (Salminen et al., 1997) ; and (3) T antigen may inactivate p53 through mechanisms other than direct binding. T antigen has the ability to induce cellular changes that result in the stabilization of p53 in the absence of direct binding (Deppert et al., 1989; Tiemann and Deppert, 1994) . The possibility that these mutants may immortalize in the context of a cellular event such as inactivation of p53 is supported by the observation that when dl1137 transgenic mice were bred with p53-null mice, choroid plexus tumours develop more rapidly (Symonds et al., 1994) .
Activitities dependent upon the carboxy terminus
In accordance with previous work we have found that two regions within the carboxy terminus were required for both assays. The ®rst of these was indicated by mutant 5080 which contains a substitution of amino acid 584 that lies within one of two hydrophobic stretches (amino acids 571 ± 589 and 619 ± 627) required for stability of the tertiary structure (Tevethia et al., 1988; Peden et al., 1989; Tack et al., 1989; Zhu et al., 1991 Zhu et al., , 1992 . The second region is colinear with the p53 binding domain. Indeed, early studies suggested that this domain alone was sucient for immortalization of MEFs (Tevethia et al., 1988; Thompson et al., 1990; Zhu et al., 1991; Kierstead and Tevethia, 1993) . More recent work has suggested that ecient immortalization and establishment of cell lines by T antigen requires the amino terminus as well as the carboxy terminus (Conzen and Cole, 1995; Tevethia et al., 1998) . Mutants 5031 and 5041, which fail to bind to p53, were inactive whereas 5030 which can bind to p53, was active in both assays. However, association with p53 cannot be the sole requirement for either assay, since T176-708 binds p53 but is inactive in both assays. Moreover, adenovirus E1A and HPV E7 are both able to complement the growth of tsa14 cells but neither binds to p53 (Vousden and Jat, 1989; Riley et al., 1990) whereas adenovirus E1B and HPV16 E6 both interact directly with p53 but are unable to complement (Jat and Sharp, 1989; Vousden and Jat, 1989) . Interestingly, both E1A and E7 can inactivate p53 through mechanisms other than direct binding or by acting downstream (Vousden et al., 1993) . Alternatively, there may be another function of T antigen, colinear with the p53 binding domain, that is involved in the ability of T antigen to stimulate growth. The existence of another function has been suggested by a mutation that does not aect interaction with p53 but negates transformation of REFs in cooperation with activated Ras (Cavender et al., 1995) .
It is surprising that dl1137, T147D and dl1061 which lack the carboxy terminus, were able to immortalize REFs whereas 5031 and 5041 have the amino terminus intact but were unable to immortalize REFs. This suggests that, in addition to disrupting T antigen's ability to complex with p53, the mutations in 5031 and 5041 may be infringing on activities dependent upon the amino terminus.
In conclusion, we have demonstrated that immortalization of REFs by T antigen is dependent upon several functions. Moreover, we have shown that an activity dependent upon amino acids 17 ± 27 was not necessary to maintain growth but was required for direct immortalization suggesting that at least one of the functions required for immortalization is not required for maintenance of the immortal state. Interestingly, we have recently identi®ed a 3'-UTR which may be able to provide this function for immortalization of REFs (Powell et al., 1998) . Further systematic analyses to analyse the mechanism of action of these activities should lead to a greater understanding of senescence and immortalization.
Materials and methods
Cells and cell culture
REFs were prepared and maintained as described previously (Gonos et al., 1996) . tsa14 cells and all derivatives thereof, as well as all REF cell lines were propagated as previously described (Jat and Sharp, 1989) . All media and components were obtained from Life Technologies.
Plasmids for transfection
The plasmids used for transfection were as follows: pSE (encoding wild-type T antigen, Jat and Sharp, 1989); pSRtcDNA (encoding small t antigen, Sompayrac, unpublished) and pKPT147Ddl (T147D, Sompayrac and Danna, 1991) ; dl1137, dl1061, dl1135 ; 5002, 5031, 5041, 5080 and 5061 (Peden et al., , 1990 (Peden et al., , 1998 ; 5003 and 5030 (Peden and Pipas, unpublished) ; 3213 (Christensen and Imperiale, 1995) ; py2-70K (T176-708) and py2xmet128-70K (T128-708, Thompson et al., 1990) ; K1 (DeCaprio et al., 1988) ; and the selectable plasmids pBShygro and pSV2neo.
